The paper deals with JET polarimeter measurements and in particular it presents a study of the Faraday rotation angle, which is used as constraint in equilibrium codes. This angle can be calculated by means of the rigorous numerical solution of Stokes equations. A detailed comparison is done of calculations with the time traces of measurements, inside a limited dataset representative of JET discharges: in general it is found that the Faraday rotation angle and Cotton-Mouton phase shift measurements can be represented by the numerical solution to Stokes equations. To get this agreement in particular for Faraday rotation, a shift of the magnetic surfaces must be included.
INTRODUCTION
The measurements of polarimetry in tokamak plasmas can give important information on plasma current and density [1] . In a plasma, in presence of a magnetic field, the polarization plane of a laser beam propagating along the magnetic field rotates (Faraday effect). Whereas, if the laser beam is propagating perpendicular to the magnetic field there is a change in the ellipticity of the polarization (Cotton-Mouton effect). In a beam propagating vertically along a line in a poloidal plane of a tokamak , both effects are presents: the polarization becomes elliptical and the plane of the polarization rotates.
As a first approximation, it is possible to consider the two effects as being independent: the Faraday effect depending only on the magnetic field parallel to the beam direction times the plasma density, while the Cotton-Mouton depending on the plasma density and the perpendicular ( to the line of sight) magnetic field squared. Since the structure of the propagation equations of polarization inside the plasma in the magnetic field of a tokamak couples the Faraday and Cotton-Mouton, the two effects must be taken into account at the same time, in a rigorous approach to calculate the change of polarization of a laser beam.
In a previous paper [2] , the analysis of Cotton-Mouton measurements was carried out and the consistency In the present paper the analysis of Faraday rotation measurements is carried out, following the same method developed in [2] , using the Stokes equations and their numerical and approximate solutions. The coupling between Faraday and Cotton-Mouton is analyzed further, from the general point of view, using a new set of non-linear equations derived from the Stokes ones.
The main questions, which are addressed in the present paper, are : i) which is the most suitable model for the Faraday rotation measurements on JET and the possible improvement to the equilibrium calculation which can be obtained through the comparison between the measurements and the numerical solution of Stokes equations ( see sec. 3 and 4) ; ii) how the coupling acts on Faraday and Cotton-Mouton,
i.e. whether the dependence found using Type II solution is general (see sec 5 and 6). Both points are relevant to the modelling of Faraday rotation and Cotton-Mouton effects to be used as constraints in equilibrium codes.
To answer to the previous questions, the data from JET polarimetric system are used : few discharges are studied representative of regimes where the polarimetric effects are reasonably strong ( see Table I and
This paper presents a comprehensive study of the following aspects: i) a detailed analysis of Faraday measurements at JET and comparison with available models. It turns out that the Faraday rotation measurements on JET can be reproduced in any condition only by the numerical solution of Stokes equations and by a suitable shift of the magnetic surfaces. A specific study shows that the comparison between model calculations and measurements lead to a more refined identification of the positions of the magnetic surfaces as predicted by EFIT equilibrium code [3] ; ii) a rigorous approach to the interaction between Faraday and Cotton-Mouton, ( studied in recent papers, see ref [2] for details): it is demonstrated that at high density and current, the Cotton-Mouton must be calculated including the dependence by Faraday rotation.
Since the solutions to the Stokes equations were discussed in [2] , the names and classification of the solutions are retained in the present paper, and only a short introduction to Stokes equations and solutions will be presented, the details are given in ref [2] .
The paper is organized as follows: in sec.2, a short summary of the measurements of JET polarimetry system is given, together with the Stokes equations and their approximate solutions; in sec. 3, the analysis of Faraday rotation measurements is presented comparing measurements and solutions of the Stokes equations for few typical JET discharges, where to reconcile the measurements with the calculations a shift of the magnetic surfaces is needed; in sec.4, a statistical analysis on large databases of the determination of the shift is presented; in sec.5, the mutual interaction between Faraday rotation and
Cotton-Mouton for a high density shot is presented; in sec.6, a theoretical analysis of the coupling between Faraday and Cotton-Mouton effects and its application to study shots with high density and high 3 plasma current is presented. The coupling between Faraday and Cotton-Mouton is analyzed using a new set of equations (derived from the Stokes equations) which are useful to understand how the coupling acts; in sec.VII, comments are presented on the mathematical models of Faraday and Cotton-Mouton to be used as constraints in equilibrium codes; in sec.VIII, the conclusions are presented.
Hereafter a plasma discharge is named also using 'shot'; and 'numerical solution' is always referred to the numerical solution of the Stokes equations ( see equations [2.
2.]) , using as input to the equations, the density profile measured by Thomson scattering and the magnetic fields calculated by the EFIT equilibrium code [3] , (see sec.II ); the terms 'Faraday' ( 'Cotton-Mouton' ) will be used often, meaning 'Faraday rotation angle' ( 'Cotton-Mouton phase shift angle') measurements. In the paper the symbols φT and ψT are used for the Cotton-Mouton phase shift and Faraday rotation angle respectively obtained by numerical solutions of Stokes equations.
STOKES EQUATIONS AND THEIR APPROXIMATE SOLUTIONS.
The considered geometry includes the propagation of a laser beam along a vertical chord (taken as z-axis) 
, and The type I solution is obtained as the first term of a series expansion to the solution of the system of ordinary differential equations [2.2] , together with the initial condition [2.6] . In this approximation the relations between the Stokes vector, the Faraday rotation ψ and Cotton-Mouton phase shift angle φ are given by: The 'pure Cotton-Mouton' can be derived from the solutions of Stokes equations considering the case of B z =Bx=0, i.e. 2 3
The 'pure Cotton-Mouton ' is then represented by W 1 , in fact from the previous equations we obtain:
The physical meaning of W 1 and W 3 is related with 'pure' Cotton-Mouton and Faraday rotation respectively, in a context where the two effects can be considered separately and possibly independent.
More general approximate solutions [2] to the equations [2.2] can be found, observing that the following inequalities between the components of the vector Ω r hold for Tokamak plasmas:
As consequence of the condition [2.10], the terms with component Ω 2 can be neglected in the Stokes equations [2.2] and terms in 3 1 s Ω neglected with respect to 1 3 Ω s , in this approximations the Stokes equations can be integrated analytically, and the expressions (Type II solutions) for the Faraday angle and Cotton-Mouton phase shift can be obtained [2] :
A clear trend present in the formulas [2. 12] is that the Cotton-Mouton phase shift increases with W 3 , ( for values correspoding to JET data), (see sec 3 and fig.6 ). In practice for Faraday rotation angles ψ≤12 o , 1≥cos (W3)≥0.9 and tanφ≈W1, within an approximation of 10%, whereas for Faraday angles higher 
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In the following discussion concerning the comparison between measurements and model calculations, the Guenther ModelA [4] will be cited as well : a discussion of the details of this model is given in [2, 5] .
FARADAY ROTATION MEASUREMENTS AND COMPARISON WITH MODELS.
Examples of the calculations of the Faraday effect can be produced by starting from data of shots representative of JET typical operational space. Table I gives a choice of three shots with parameters from low density/low current , to high density/ high current. Table II The equilibrium used in the previous calculations is evaluated including only magnetic measurements, the question araises to whether an equilibrium evaluated using constraints from polarimetry could improve the prediction of Faraday rotation as calculated by the Stokes equations, without needing a shift.
To answer to this question an equilibrium was generated by EFIT where the minimization was obtained including the constraint of Faraday rotation, but a shift of 0.035m was still needed to reconcile the measurement with the calculations.
To study further this problem the comparison between data and calculations were carried out for a shot#76846(BT/Ip=1.7T/1.4MA, ne=5.5 10 19 m -3 ,Te=4.5keV), with two types of equilibria: i) EFIT equilibrium obtained using only magnetic measurements (IEFIT); ii) EFIT equilibrium obtained using constraints which include MSE( Motional Stark Effect) measurements and pressure measurements ( performed by the High resolution Thomson scattering system) (EFTM) . Fig.3a shows the comparison between calculations and data using IEFIT, and fig.3c shows the results of comparison when the shift DR=0.045m is introduced, using IEFIT equilibrium. Fig.3b shows the comparison ( between Faraday data and calculations) using the constrained equilibrium EFTM: it can be noted that using EFTM an 8 improvement is obtained, but this is not enough to obtain an agreement between measurements and calculations. The agreement is found only introducing a rigid shift of the magnetic surfaces of DR=0.02m
when EFTM is used(see fig.3d ). The figures 3 are corresponding to measurements of channel #3.
Thus using a more refined equilibrium like EFTM, which includes internal measurements ( MSE and pressure profiles ) as constraints, leads to a reduction of the shift of the magnetic surfaces ( DR=0.02m instead of DR=0.04m) needed to reconcile polarimetry model and measurements.
In more detail, the previous figures show that : i) the comparison between the calculations and measurements of Faraday rotation can give important informations about the accuracy of equilibrium calculations; ii) the comparison can be used to improve the calculations of the position of the equilibrium surfaces: in practice the calculation of the Faraday rotation angle using Stokes model is useful to evaluate how to shift the flux surfaces to improve the evaluation of the equilibrium.
The same procedure must be applied to the calculations related to the channel#4 which is the outermost vertical channel with coordinate R=3.74m, leading to a shift DR=0.04m ( for the shot #67777).
This is not expected because the equilibrium is supposed to be accurate at plasma edge, where the 
STATISTICAL ANALYSIS OF THE 'SHIFT' OF THE MAGNETIC SURFACES.
A statistical analysis on a large database of shots including measurements of years 2003-2007 confirms the procedure outlined for the shot# 67777. In particular a database was built ( see table III) to study the dependence upon the main plasma parameters ( plasma density, current and toroidal magnetic field), of the shift of the magnetic surfaces needed to reconcile the Faraday measurements with the calculations .
The study was limited to data of channel#3. The equilibrium used was EFIT with magnetic measurements only.
For each shot ( see Table III ), the shift was determined by the minimization of the χ 2 , build using the The shift needed is likely due to the accuracy of the EFIT equilibrium calculations, in terms of space resolution. This is limited by the dimension of the elements of the grid used by EFIT [6] : the element has a dimension dZ X dR = 0.126 X 0.075 m 2 ,( dZ (dR) is the dimension in the vertical(radial) direction),.
The shift found then in the study presented in this paper is consistent with the radial space resolution of the EFIT calculations.
From these data it is important to realize that the comparison between calculation and measurement of Faraday rotation lead to a strong improvement of the evaluation of the position of the magnetic surfaces.
To confirm that the EFIT calculations can be affected by a certain systematic uncertainty, a comparison of the average radial location of the lower outer strike point as predicted by EFIT and XLOC was done, using a large database of 460 shots chosen in 2003-2007 years.
The code XLOC [7] is a simplified equilibrium code which is used for the determination of the X-point location and strike points of the open field lines derived from the X-point on the divertor tiles.
The result obtained after this comparison is that EFIT predicts a position of the lower outer strike point systematically in excess of 0.06 m with respect to XLOC calculations , confirming the shift in the same direction detected using the polarimetry analysis.
COTTON-MOUTON VERSUS FARADAY ROTATION IN A HIGH DENSITY SHOT.
Since for shot#67777 the Faraday rotation angle is significant, it is instructive to see whether for 
THEORETICAL ANALYSIS OF THE COUPLING BETWEEN FARADAY AND COTTON-MOUTON EFFECTS AND APPLICATION TO STUDY SHOTS AT HIGH DENSITY AND HIGH PLASMA CURRENT.
In the previous section a demonstration of the coupling between Faraday and Cotton-Mouton was shown comparing the Type I approximation (which represents 'pure' effects) with measurements.
We have found that for a high density shot the Faraday as well as Cotton-Mouton measurements cannot be obtained using the 'linear formulas' (Type I). In this section a short theoretical discussion will be presented about the coupling.
In this section a short theoretical discussion will be presented about the coupling.
Moving to a more general analysis , we start from the Stokes equations 
The system [III. [1] [2] can be considered as a generalized Volterra-like problem, with non-constant coefficients. The propagation of polarization in a plasma can be described using a first order non-linear differential system in two variables: plasma polarimetry is intrinsically described by a bidimensional dynamical system, so chaotic behaviour cannot be realized.
The magnitude of the terms at the right hand side of shot#67777 : it appears that the non-linear terms are negligible for the channel#3( fig.9a ), while the nonlinear terms are important for channel#4( fig.9b ).
It has been verified that the most important non-linear term for Faraday is the term 2 3 Ω F , while for Cotton-Mouton is the term Ω 3 FC, in eq.[3.1-2].
Figure10a and 10b and 11a and 11b simulate a high current , high density shot (#75238): the same trend ( as for shot#67777, channel#3 and 4) is detected. In particular for the Cotton-Mouton ( fig.10 ) the non-linear terms are important for Z>0: this is evident for channel#3( fig.10a ), but it is remarcable for channel#4 ( fig.10b ). For the Faraday rotation angle, the fig.11a shows that for Z>0 a small difference appears, in channel#3, between the exact value of Faraday rotation derivative and the value of Ω 3 , the fig.11b shows that for channel#4 the non-linear F 2 term is dominant.
The importance of non-linear terms for Faraday rotation is confirmed by a comparison between the Faraday rotation measurements and the calculations as shown in fig.12 , where the experimental data(blue line) are shown together with the numerical calculation ( red continuous line) and the linear formula ( green crosses): the value of W 3 slightly underestimate the Faraday measurement for the high current shot, while the numerical solution is in agreement with the measured Faraday rotation.
REMARKS ON THE MATHEMATICAL FORMS OF POLARIMETRY CONSTRAINTS INSIDE THE EQUILIBRIUM CODES.
The previous sections contain information on the correct mathematical form to be used inside the equilibrium codes for the polarimetry constraints, for JET discharges.
In general the constraint on Faraday rotation cannot be expressed using the 'linear form ' [2.7] : the example of the calculations related to the chord#4 for shot #67777 shows that the numerical model or Type II are more adequate to describe the Faraday rotation at high density, and for shot#75238, at high current and density.
The introduction of Cotton-Mouton as constraint in the equilibrium code for an improved determination of plasma density must be treated carefully, since for Cotton-Mouton the 'linear form' can be used only at low-medium density , while at high density the effect of Faraday rotation must be fig.8a ) and channel#4 (fig.8b ). 
